Aims Cardiac myocytes depend on a delicate balance of glucose and free fatty acids as energy sources, a balance that is disrupted in pathological states such as diabetic cardiomyopathy and myocardial ischaemia. There are two families of cellular glucose transporters: the facilitated-diffusion glucose transporters (GLUT); and the sodium-dependent glucose transporters (SGLT). It has long been thought that only the GLUT isoforms, GLUT1 and GLUT4, are responsible for cardiac myocyte glucose uptake. However, we discovered that one SGLT isoform, SGLT1, is also an important glucose transporter in heart. In this study, we aimed to determine the human and murine cardiac expression pattern of SGLT1 in health and disease and to determine its regulation. Methods and results SGLT1 was largely localized to the cardiac myocyte sarcolemma. Changes in SGLT1 expression were observed in disease states in both humans and mouse models. SGLT1 expression was upregulated two-to three-fold in type 2 diabetes mellitus and myocardial ischaemia (P , 0.05). In humans with severe heart failure, functional improvement following implantation of left ventricular assist devices led to a two-fold increase in SGLT1 mRNA (P , 0.05). Acute administration of leptin to wildtype mice increased cardiac SGLT1 expression approximately seven-fold (P , 0.05). Insulin-and leptin-stimulated cardiac glucose uptake was significantly (P , 0.05) inhibited by phlorizin, a specific SGLT1 inhibitor. Conclusion Our data suggest that cardiac SGLT1 expression and/or function are regulated by insulin and leptin, and are perturbed in disease. This is the first study to examine the regulation of cardiac SGLT1 expression by insulin and leptin and to determine changes in SGLT1 expression in cardiac disease.
Introduction
Cardiac function depends on the continuous supply of energy. Second only to free fatty acids, circulating glucose is one of the most important metabolic fuels for the heart. Under conditions of cardiac stress such as ischaemia, glucose utilization is activated relative to free fatty acids because of a decrease in cellular ATP content and release of ATP-mediated allosteric inhibition of the enzyme phosphofructokinase. This switch results in a greater amount of ATP production per mole of oxygen consumed. Similarly, end-stage heart failure is associated with a shift towards glucose utilization. 1 Because of its hydrophilic nature, glucose is unable to pass the lipid bilayer of the cardiac myocyte sarcolemma by simple diffusion. At present, five facilitated-diffusion glucose transporters (GLUT1 through GLUT4 and GLUT7) are believed to exist in mammalian cells. In the mammalian heart, glucose transport is believed to be mediated mainly by two members of the GLUT family, GLUT1 and GLUT4. 2 Whereas GLUT1 is regarded as a basal glucose transporter, GLUT4 is upregulated in response to insulin and mechanical work. 3 In addition to the GLUT family, members of the sodium/ glucose cotransporter (SGLT) family are widely present as they transport a variety of substrates (sugars, inositol, iodide, urea, and proline) into the cell using the electrochemical gradient of cations such as Na þ . 4 SGLT1 is found in small intestinal enterocytes and renal proximal tubule S3 cells, where it mediates glucose uptake. 5 Although SGLT1 is highly expressed in the heart, 6 its cardiac function has never been investigated. Moreover, whereas the expression of GLUT1 and GLUT4 in diseased hearts and their regulation by insulin and leptin have been well documented, little is known about SGLT1.
Therefore, the purpose of the present study was to investigate (i) the expression of SGLT1 in the normal human and murine heart; (ii) the change in expression of SGLT1 in heart disease; and (iii) whether insulin-and leptinmediated regulation of cardiac glucose uptake is effected through SGLT1.
Methods

Mouse models
Male wildtype (WT) FVB, WT C57BL/6J, and leptin-deficient ob/ob mice at age 6-8 weeks were used as specified below for different experiments. C57BL/6J WT mice were subjected to coronary artery ligation (CAL) or sham surgeries as described previously 7 and detailed below. Type 1 diabetes was induced by administration of streptozotocin (STZ) (Sigma, S0130) (75 mg/kg intraperitoneally) to 4 h fasted FVB WT mice for three consecutive days. 8 After 4 weeks, these mice were sacrificed, blood was collected to confirm hyperglycaemia, and hearts excised. C57BL/6J WT mice were administered leptin (Pepro Tech) (10 mg/kg intraperitoneally), 9 and sacrificed 30 min later for excision of cardiac tissue. FVB WT mice were administered insulin (Sigma) (10 U/kg subcutaneously) with glucose 2 g/kg intraperitoneally to avoid hypoglycaemia, and sacrificed 30 min later for excision of cardiac tissue. This investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and was approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Coronary artery ligation (CAL)
WT C57BL/6J mice were anesthetized with tribromoethanol (125 mg/kg intraperitoneally), intubated, ventilated, and a 0.7 cm incision made on the left chest through the fourth intercostal space as previously described. 10 The pericardium was opened and the left anterior descending coronary artery was either completely ligated 1 mm below the left auricular margin with 7/0 prolene to induce myocardial infarction (MI), or loosely tied to generate sham-operated control mice. Mice were sacrificed and cardiac tissue harvested 30 days following surgery.
Human tissue
Failing human heart tissue from the University of Pittsburgh was obtained after Institutional Review Board approval and with the subjects' informed consent. Non-failing control human heart samples (n ¼ 5) were generously provided by Dr C. S. Moravec (Cleveland Clinic Foundation) and obtained under a protocol approved by the Institutional Review Board of the Cleveland Clinic Foundation. This study conforms with the principles outlined in the Declaration of Helsinki. Transmural samples of the lateral wall of the left ventricle (LV) were obtained from failing human hearts at the time of transplant (n ¼ 26), or from the LV apex at the time of left ventricular assist device (LVAD) implantation and removal (paired samples). Subjects with LVADs had a history of either idiopathic dilated cardiomyopathy (n ¼ 3) or ischaemic cardiomyopathy (n ¼ 2). Human diabetic cardiomyopathy tissue was obtained from subjects with long-standing type 2 diabetes and end-stage heart failure in the absence of coronary artery disease and hypertension. Non-failing control human heart samples (n ¼ 5) were recovered from the lateral wall of unmatched organ donors. All cardiac tissue was placed into cold cardioplegic solution (48C) and rapidly transported to the laboratory, frozen in liquid nitrogen, and stored at 2808C. Table 1 lists all human cardiac tissue used in this study.
In vivo cardiac glucose uptake
Basal cardiac glucose uptake was measured in WT male FVB mice at age 6-8 weeks as described. 11 In brief, mice were administered 2-deoxy-D-[1- After 30 min, mice were sacrificed and their hearts rapidly excised. Hearts were homogenized in 10 volumes of phosphatebuffered saline (PBS), and radioactivity in 20 mL of homogenate was measured in a liquid scintillation counter. Because 2-deoxy-D-glucose is phosphorylated but not further metabolized, it remains trapped inside cells. Thus, glucose uptake was estimated by determining cardiac radioactivity.
In additional experiments, the effect of insulin and leptin on cardiac glucose uptake was measured in the presence or absence of phlorizin, a specific SGLT1 inhibitor. Phlorizin (Sigma) was dissolved in a solution containing 10% ethanol, 15% DMSO, and 75% saline and was administered intraperitoneally at a dose of 0.4 g/kg. Control mice were administered vehicle without phlorizin. Thirty minutes following phlorizin, insulin (10 U/kg subcutaneously) with glucose (2 g/kg intraperitoneally), or leptin (10 mg/kg intraperitoneally) was administered. Ten minutes later, 2-[ 14 C]DG was administered and glucose uptake measured as described above.
RNA isolation and real-time quantitative PCR (QPCR)
Total RNA was isolated from whole hearts with TRIzol (Invitrogen). Reverse transcriptase reactions were performed as described 12 using the Superscript III First-Strand Kit (Invitrogen) for first-strand cDNA synthesis. Primers for real-time quantitative PCR (QPCR) analysis ( Table 2 ) were designed using published sequence information, avoiding regions of homology with other genes. Ten nanogram of cDNA were analysed on an ABI PRISM 7700 using Absolute SYBR Green ROX PCR Master Mix (Thermo Scientific). Fold-change analysis was based on normalizing to cyclophilin transcript levels for murine cDNA and GAPDH transcript levels for human cDNA.
Immunoblot analysis
Extraction of total protein, and cytosolic protein and membrane protein fractions, and immunoblotting were performed as described previously. 10, 12, 13 Protein concentrations were measured by the Bradford method (Bio-Rad). An equal amount (50 mg) of protein was separated by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, protein was transferred to PVDF membranes (Amersham). The membranes were then blocked in Tris-buffered saline Tween-20 (TBS-T; 10 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Tween-20) and 5% non-fat dry milk for 1 h, and subsequently washed and incubated with primary antibodies in TBS-T and 2% bovine serum albumin (BSA) at 48C overnight. The following polyclonal antibodies and titres were used: murine SGLT1 (1:200, Santa Cruz #sc20582), human SGLT1 (1:200, Santa Cruz #sc47397), GLUT1 (1:200, Santa Cruz #sc1605), GLUT4 (1:1000, Cell Signaling #2299), and Na, K-ATPase a1 (1:1000, Cell Signaling #3010).
After washing with TBS-T, membranes were incubated with antirabbit (1:10000 dilution, Amersham, #NA934V) or anti-goat (1:2000 dilution, Santa Cruz, sc-2020) horseradish peroxidase conjugated secondary antibody for 1 h. Signal was detected by chemiluminescence using the ECL detection system (Amersham). Gel staining with Coomassie blue or immunoblotting for GAPDH was used as internal controls for loading of protein.
To demonstrate anti-murine SGLT1 antibody specificity in cardiac tissue, we performed peptide inhibition. The membrane was stripped in an acidic glycine buffer after exposure to film and re-probed with anti-SGLT1 antibody that had been pre-incubated with the immunizing peptide, followed by secondary antibody as above. This membrane was exposed to film for an identical time period as the membrane incubated with the antibody alone. 14 
Protein extraction by sucrose gradient
The preparation and fractionation of membranes from cardiac muscles was performed as previously described. 15 Briefly, hearts were removed, minced, and homogenized on ice using a Polytron homogenizer in a buffer containing 20 mM HEPES, 250 mM sucrose, 1 mM EDTA, 5 mM benzamidine, 1 mM aprotinin A, 1 mM pepstatin, 1 mM leupeptin, and 1 mM phenylmethylsulfonyl fluoride (pH 7.4). The homogenate was centrifuged at 2000 g for 10 min and then at 9000 g for 20 min. The supernatant was then centrifuged at SGLT1 in the heart 180 000 g for 90 min. The 180 000 g pellet was re-suspended in PBS with protease inhibitors, loaded on a 10-30% (wt/wt) continuous sucrose gradient (3-4 mg of protein per 5 mL gradient), and centrifuged at 48 000 rpm for 55 min in a SW-50.1 rotor. Gradients were fractionated starting from the bottom of the tube. The gradients were divided into nine fractions and the protein content in each fraction was measured by Bradford reagent. A total of 100 mg of protein from each fraction was analysed by immunoblotting.
All centrifugation was performed at 48C. The b1 subunit of the Na þ /K þ ATPase, a cell membrane marker, was measured by immunoblot to document adequate enrichment of membrane fractions.
Tissue fixation and immunofluorescence staining
FVB WT mouse cardiac tissue was processed for immunofluorescence of SGLT1 as described previously. 16 Hearts were fixed for 4 h at room temperature in PBS containing 4% paraformaldehyde, 10 mM sodium periodate, 70 mM lysine, and 5% sucrose (PLP), washed in PBS, and quenched in NH 4 Cl. 17 Tissues were cryoprotected in a solution of 30% sucrose in PBS overnight at 48C. These tissues were embedded in OT compound (Tissue TEK, Sakura Finetek) and mounted on a cutting block. After being frozen in a Reichert Frigocut microtome, sections were picked up on Superfrost Plus slides (Fisher). Immunofluorescence staining was performed on 4 mm cryostat sections after SDS antigen retrieval. 18 Slides were washed in PBS followed by incubation with a blocking solution containing 1% BSA in PBS-0.02% sodium azide for 15 min. Slides were then incubated with anti-murine SGLT1 antibody (1:600 dilution, Santa Cruz #sc20582) for 75 min at room temperature. Sections were then washed twice for 5 min in high-salt PBS (2.7% NaCl) and once in PBS, and then incubated for 1 h with a secondary antibody coupled to FITC (donkey anti-X IgG, Jackson Immunologicals). After repeating the same series of washes as above, the slides were mounted with Vectashield (Vector Labs). An incubation omitting the primary antibody (using DAKO reagent alone) was performed in parallel. The SGLT1 immunizing peptide used to produce this antibody was employed for peptide inhibition controls using methods previously described. 14 
Statistical analysis
Results are expressed as mean + SE. Differences between two groups were compared by Student's t-test and among multiple groups by one-way ANOVA with post hoc Bonferroni test. A P-value ,0.05 was considered significant.
Results
SGLT1 is expressed in murine and human cardiac myocytes
Although the presence of SGLT1 mRNA in the heart has been reported, 6 protein expression in cardiac tissue has not been characterized. We first measured by QPCR relative SGLT1 mRNA expression in the WT FVB mouse heart at three different ages. Cardiac SGLT1 mRNA expression progressively increased from age 2 through 20 weeks ( Figure 1A) . By immunoblot, we determined that SGLT1 protein was present in murine ( Figure 1B ) and human cardiac tissue ( Figure 1C) . As in other tissues, SGLT1 appeared to be partially dimerized and/or subjected to post-translational modifications in the human heart. Because SGLT1 is expressed in the plasma membranes of renal and intestinal cells, 19, 20 we hypothesized that SGLT1 was localized to the sarcolemma in cardiac myocytes. To test this hypothesis, we first determined whether SGLT1 was membrane bound in cardiac myocytes. Total membrane (comprising both sarcolemmal and intracellular membranes) and cytosolic protein fractions from WT murine hearts were extracted and subjected to immunoblotting. SGLT1 protein was detected only in membrane fraction ( Figure 1B) . To determine whether SGLT1 was preferentially localized to the sarcolemma, cardiac protein was fractionated on a sucrose flotation gradient, and fractions analysed by immunoblot. SGLT1 was present in fractions rich in Na þ /K þ ATPase, a marker for the sarcolemma ( Figure 1D) . Similarly, GLUT1, but not GLUT4, was predominantly localized to the sarcolemma. By immunofluorescence, we confirmed that SGLT1 was expressed in cardiac myocytes and was predominantly localized to the sarcolemma ( Figure 1E ). The specificity of the antibody used was confirmed by peptide inhibition in immunofluorescence labelling and immunoblotting ( Figure 1E and F ).
Murine and human cardiac SGLT1 expression is perturbed in disease states
We hypothesized that changes in cardiac SGLT1 expression may be associated with cardiac diseases that are characterized by changes in energy substrate utilization. Therefore, we determined SGLT1 mRNA expression by QPCR in ischaemic and diabetic murine and human hearts. 1 Cardiac SGLT1 expression was significantly decreased in STZ diabetic mice, a model of type 1 diabetes (Figure 2A ), but increased in both obese ob/ob mice, a model of type 2 diabetes ( Figure 2B) , and WT mice after CAL ( Figure 2C ). These observations were replicated in human cardiac tissue. SGLT1 expression was increased in subjects with end-stage cardiomyopathy secondary to type 2 diabetes ( Figure 3A) and ischaemia ( Figure 3B ) undergoing cardiac transplantation. However, no change in SGLT1 expression was observed in idiopathic dilated cardiomyopathy ( Figure 3C) . In failing human hearts, a significant increase in SGLT1 expression relative to baseline was observed following implantation of a LVAD and functional recovery ( Figure 3D ).
Leptin, but not insulin, increased cardiac SGLT1 expression
Because insulin and leptin, a neurohormone responsible for signalling of caloric excess, are important regulators of cardiac glucose uptake, we determined the effects of these hormones on cardiac SGLT1 mRNA expression in the WT murine heart. No change in SGLT1 expression was observed 30 min following insulin administration ( Figure 4A) . However, leptin increased SGLT1 expression approximately seven-fold relative to control ( Figure 4B ).
Increased cardiac glucose uptake in response to insulin and leptin is mediated at least in part by SGLT1
Stimulation of cardiac glucose uptake by insulin and leptin has long been thought to be mediated by GLUT1 and GLUT4. Our discovery of cardiac SGLT1 expression changes in response to leptin suggested that SGLT1 may play a functional role in modulating cardiac glucose uptake in response to hormonal stimuli. Significantly increased cardiac glucose uptake was observed 30 min following administration of insulin (10 U/kg subcutaneously), which was inhibited by phlorizin, a specific SGLT1 inhibitor ( Figure 5A) . Similarly, significantly increased cardiac glucose uptake was observed following administration of leptin (10 mg/kg intraperitoneally), which was completely inhibited by phlorizin ( Figure 5B ). These data suggest that SGLT1 mediates at least a proportion of, and possibly all of, the increase in cardiac glucose uptake in response to insulin and leptin.
Discussion
Cardiac myocytes depend on a delicate balance of glucose and free fatty acids as energy sources, a balance that is disrupted in pathological states such as diabetes and myocardial ischaemia. 21 Under-stressed conditions such as ischaemia, glucose utilization is activated, resulting in an Figure 2 Perturbations in levels of cardiac SGLT1 mRNA expression as measured by QPCR in diseased murine hearts relative to control. Cardiac SGLT1 expression was significantly (A) decreased in streptozotocin (STZ) treated (type 1 diabetic) FVB mice, (B) increased in ob/ob (type 2 diabetic) mice, and (C ) increased in WT C57BL/6J mice after coronary artery ligation. n ¼ 4-6 per group. Data are expressed as mean + SE. *P , 0.05. increase in the amount of ATP generated per mole of oxygen consumed. Therefore, elucidation of the role of SGLT1 in cardiac glucose uptake in health and in disease may inform the development of novel treatments. Classically, it has long been thought that only the GLUT isoforms, GLUT1 and GLUT4, are responsible for glucose uptake in cardiac myocytes. 3 However, we have determined that SGLT1 is highly expressed in murine and human cardiac myocytes, with preferential localization in the sarcolemma; SGLT1 expression is altered in diabetic and ischaemic cardiomyopathy; SGLT1 expression may be regulated in part by leptin; and SGLT1 mediates at least part of the increased cardiac glucose uptake in response to insulin and leptin.
One previous study determined unexpectedly high expression of SGLT1 mRNA in the human heart, approximately 10-fold greater than in kidney tissue. 6 However, expression of the SGLT1 protein and its cellular localization in heart were not examined. The current study is the first to report the presence of the sodium/glucose cotransporter system in the cardiac myocyte sarcolemma, by both membrane protein fractionation studies and immunofluorescence microscopy. In protein fractions, SGLT1 colocalizes with GLUT1, which is normally localized to the sarcolemma, and with Na þ /K þ ATPase, a marker for the sarcolemma; and to a lesser extent with GLUT4, which can be translocated from intracellular stores to the sarcolemma when required. Interestingly, at least in mice, cardiac SGLT1 expression appears to increase with age. The basis for this age dependence is uncertain.
Previous reports [22] [23] [24] suggest that functional SGLT1 is an oligomer, resulting from homodimerization, or from heterodimerization with RS1, a regulatory protein with a molecular weight very close to that of SGLT1. Our immunoblots of human cardiac protein exhibited two (70 and 140 kDa) SGLT1 bands in all hearts, which could reflect dimerization, but also an intermediate band in at least one heart. Although the identity of the intermediate band is unknown, we speculate that it may represent post-translational modifications in some hearts. For example, it is known that SGLT1 can be phosphorylated. Two SGLT1 bands were also observed previously in rat coronary endothelial cells. 25 However, our immunoblots of murine cardiac protein exhibited only monomeric SGLT1. It is unclear at present whether there are species or tissuespecific differences in dimerization and/or post-translational modification.
We next considered whether functional changes in SGLT1 may contribute to the pathophysiology of cardiac diseases, particularly those characterized by increased consumption of glucose. Protein expression of GLUT1 and GLUT4 is decreased in diabetic hearts without a corresponding decrease in cardiac glucose uptake, 26 suggesting the presence of other functional cardiac glucose transporters. We observed increased cardiac SGLT1 expression both in human subjects with end-stage cardiomyopathy secondary to type 2 diabetes and in ob/ob obese mice, a model of type 2 diabetes which exhibits altered myocardial glucose metabolism. Conversely, decreased cardiac expression of SGLT1 was observed in STZ-treated mice, a model of type 1 diabetes. Although the mechanism of divergent SGLT1 expression in type 1 and type 2 diabetes is uncertain, we speculate that increased SGLT1 may be related to chronic hyperinsulinaemia in type 2 diabetes. However, it should be noted that in our study, acute insulin exposure led only to a mild, statistically insignificant increase in SGLT1 expression in WT murine hearts. It is possible that increased SGLT1 in the diabetic heart is an adaptive change in response to a reduction in cardiac GLUT1 and GLUT4 expression.
Ischaemia increases cardiac glucose utilization, requiring a greater capacity for glucose transport across the sarcolemma. In canine hearts subjected to low-flow ischaemia, there is a significant translocation of both GLUT1 and GLUT4 from the intracellular pool to the sarcolemma. 27 Several pharmacological agents with demonstrated antiischaemic effects have also recently been shown to act by stimulating glucose metabolism in heart. 28 In our study, we observed a several-fold increase in SGLT1 expression in both human ischaemic cardiomyopathy and murine hearts subjected to CAL. We observed increased SGLT1 expression associated with the functional recovery in failing human hearts after LVAD insertion, suggesting that upregulation of SGLT1 may be an adaptive response to injury.
Although SGLT1 expression was upregulated by acute administration of leptin, no change was observed with insulin. The role of SGLT1 in the hormonal modulation of cardiac glucose uptake was further addressed by administration of insulin and leptin in WT mice in the presence and absence of phlorizin, a specific inhibitor of SGLT1. Phlorizin inhibited insulin-and leptin-induced increases in cardiac glucose uptake partially to completely. Therefore, SGLT1 appears to be responsible for at least part of, and possibly all of, insulin-stimulated and leptin-stimulated cardiac glucose uptake. Similar to our study, phlorizin was shown to inhibit insulin-stimulated glucose uptake in rat skeletal muscle. 25 Although studies to identify the mechanism of increased SGLT1 activity after insulin administration have not yet been performed, insulin may promote trafficking of SGLT1 to the sarcolemma, or may directly stimulate SGLT1 activity. Of note, insulin activates protein kinase C (PKC), and phosphorylation of SGLT1 by PKC 29 leads to recruitment of SGLT1 to the plasma membrane. 4, 30 The relative importance of SGLT1 relative to GLUT1 and GLUT4 in normal and diseased hearts remains uncertain. Mice lacking cardiac GLUT4 exhibited an increase in basal cardiac glucose transport, with a corresponding increase in GLUT1 expression. 31 Similar upregulation of SGLT1 as a compensatory mechanism is plausible. Further studies examining the expression and function of SGLT1 in GLUT1 and GLUT4 knockout mice at baseline and in the presence of stressors are warranted.
In conclusion, our data show that SGLT1 is expressed in cardiac myocytes, with preferential localization in the sarcolemma. SGLT1 expression is increased in type 2 diabetes and ischaemia, but decreased in type 1 diabetes. SGLT1 appears to be at least in part responsible for increased cardiac glucose uptake following exposure to insulin and leptin, and leptin appears to act by directly increasing SGLT1 expression. To our knowledge, this is the first study to examine the regulation of SGLT1 by insulin and leptin in the normal heart, and demonstrate changes in SGLT1 expression in disease states. Further studies will be required to determine the therapeutic value of modulation of SGLT1 expression, cellular localization, and activity. 
